Objectives: To determine the extent to which b-glucan reduces the glycemic index (GI) of oat products and whether high levels of b-glucan impair palatability. Design: The study design was an open-label, randomized cross-over study with six treatment segments. Setting: Free-living outpatients. Subjects: Sixteen volunteers with type 2 diabetes (10 men, six women, 61 AE 2 y, body mass index 29 AE 2 kg=m 2 , HbA1c 7.4 AE 0.4%) were recruited from the St Michael's Hospital diabetes clinic. Interventions: Volunteers were given, in random order, 50 g available carbohydrate portions of: white bread; a commercial oat bran breakfast cereal (4.4 g% b-glucan); and a prototype b-glucan-enriched breakfast cereal and bar, both high in b-glucan (8.1 and 6.5 g% b-glucan, respectively) and sweetened with fructose. Capillary blood samples were taken fasting and then 30, 60, 90, 120, 150 and 180 min after the start of the meal. Palatability was recorded using two different methods. Results: The glycemic indices of the prototype b-glucan cereal (mean AE s.e.m.; 52 AE 5) and b-glucan bar (43 AE 4.1) were significantly lower than the commercial oat bran breakfast cereal (86 AE 6) and white bread (100; P < 0.05). All foods were highly palatable and not significantly different. It was found that the GI of the test foods used in this study decreased by 4.0 AE 0.2 units per gram of b-glucan compared to our estimate of 3.8 AE 0.6 for studies reported in the literature. Conclusion: Addition of b-glucan predictably reduces the GI while maintaining palatability. In a 50 g carbohydrate portion each gram of b-glucan reduces the GI by 4 units, making it a useful functional food component for reducing postprandial glycemia.
Introduction
Interest in nutraceuticals and functional foods has been increasing in North America as their ability to impact metabolic parameters and eventually chronic diseases such as diabetes, cardiovascular disease and cancer is being explored (Saris et al, 1998; Pick et al, 1996; Jenkins et al, 1999; Ohigashi et al, 1996; Roberfroid, 1998) . Such studies have already had an influence on health policies since the FDA authorized the use of health claims on the association of oat bran fiber, psyllium fiber and soy protein with coronary heart disease (FDA, 1997 (FDA, , 1999a .
The numbers of functional foods are, at present, limited. This deficiency is especially true of low glycemic index (GI) foods where lack of availability has been a factor in limiting the acceptance by the American Diabetes Association of low-GI foods for the management of diabetes (American Diabetes Association, 1999) . Therefore development of such products which could potentially reduce the incidence or slow progression of chronic diseases such as diabetes is of paramount importance.
Recent population studies have shown that the GI, as an indicator of the ability of carbohydrate to raise the blood glucose, is positively associated with the risk of developing type 2 diabetes (Salmeron et al, 1997a,b) and more recently of coronary heart disease (Lui et al, 1998) . Low-GI foods, which could be defined as a class of functional foods, may therefore play a protective role in the development of diabetes and coronary heart disease.
Oat bran is rich in b-glucan fiber and has been shown to lower cholesterol (Anderson et al, 1990) . It has an intermediate GI of 78 (Foster-Powell & Miller, 1994) . Enrichment with additional b-glucan is required in order to produce a low glycemic index oat bran product (Tappy et al, 1996; Braaten et al, 1994; Pick et al, 1996) which could also have an increased hypocholesterolemic effect (McIntosh et al, 1991) . A further advantage of enrichment or fractionation of oat bran, ie increasing the concentration of b-glucan in the oat bran, would be that the volume of food ingested to achieve a physiological effect could be reduced. Fractionation of oat bran (Mälkky et al, 1992) has allowed incorporation of the b-glucan into food products. When subjects with type 2 diabetes consumed extruded breakfast cereals containing different levels of oat bran concentrate (8, 10.3 and 12.5 g% b-glucan), reductions in postprandial glycemia ranged from 33 to 62% (Tappy et al, 1996) .
High-fiber products, however, may lack palatability. The more viscous the fiber, the less palatable it is likely to be. This is important for oat b-glucan where its effect on blood glucose has been shown to be dependent on viscosity ). An additional strategy to increase palatability and at the same time lower the GI of the food is to substitute fructose for sucrose, as the GI for fructose is 29, while that for sucrose is 84 (Jenkins et al, 1981) . Health agencies recognize the reduced glucose response to fructose (Diabetes and Nutrition Study Group of the European Association for the Study of Diabetes, 1995; American Diabetes Association, 1999; Wolever et al, 1999) , but advise moderate intake since excessive intake (20% of calories) may raise serum triglyceride (Frayn & Kingman, 1995) and possibly low-density lipoprotein (LDL) cholesterol (Bantle et al, 1992) .
We therefore assessed the GI of two products, a breakfast cereal and a snack bar, which were specially formulated to be high in fiber and have a low GI. Both products were enriched with b-glucan fiber and sweetened with fructose. In addition, the reduction in GI per gram of b-glucan was estimated for the test foods and compared to values reported in the literature. Our aim was to determine whether addition of b-glucan at high levels to foods could be achieved without sacrificing palatability while maintaining the predicted reduction in glycemic index. Subjects were drawn from the patient pool at the St Michael's Hospital diabetes clinic and from respondents through public advertisements. An information session was held for all interested individuals. Volunteers who met the study criteria were enrolled into the study. Where no recent HbA 1 c value was available, a capillary sample was taken to ascertain the HbA 1 c concentration. If the HbA 1 c value fell in the range specified (5.5 -8.5%), an appointment was made to start the test series. The only exception was subject 12, whose HbA1c value was 11.4% but was enthusiastic to join the study. As her results did not differ from the other volunteers, they were included in the final analysis.
Research design and methods

Volunteers
The study was approved by the Ethical Committee of St Michael's Hospital. Informed written consent was obtained from all volunteers. Subjects received a financial reward for their participation.
Test procedure
Prior to the first test meal, height, weight and blood pressure were taken using standard methodology. Subsequently, before each test meal the volunteer was weighed and, together with the research dietitian, filled out the 'GI Test Questionnaire'. This form recorded information comprising the time when the last night's meal was eaten, the type and quantity of food consumed, the subject's state of health, any unusual events, and the mode of transportation on the morning of the test. Subjects were asked to keep pre-test routines as similar as possible with regard to the previous day's activities and timing and composition of the evening meal and snack.
Test meals
All test meals consisted of 50 g available carbohydrate with 300 ml water. In addition to water, a beverage was offered contributing a further 250 ml (coffee or tea with 25 ml 2% butterfat milk if desired). The amount and type of beverage for each subject was the same for each test. The standard white bread loaf was baked from 346 g white flour (Monarch all purpose flour, Maple Leaf Mills, Toronto, Canada), 250 ml water, 6 g yeast, 8 g sugar and 4 g salt using a bread-making machine (Counter Craft, Electronic Bread-maker, HBC 210, Toronto, Canada) in the test kitchen. Each loaf containing Glycemic index of two functional foods AL Jenkins et al 250 g carbohydrate. Loaf crust ends were not used for the test meals. The commercial oat bran breakfast cereal ('Oat Bran Cereal') was produced by the Quaker Oats Company (Peterborough, ON, Canada) and came from the same batch. The prototype foods contained cooked -extruded oat bran concentrate, wheat flakes and fructose. Bread, cereals and bar were analyzed for fat, protein and dietary fiber using standard AOAC methods (AOAC, 1980; Prosky et al, 1985) , with available carbohydrate calculated by difference. b-Glucan in the cereal products was analyzed following the method described by McCleary and Nurten (1986) . The prototype b-glucan breakfast cereal, prototype b-glucan bar and commercial oat bran breakfast cereal contained 7.3, 6.2 and 3.7 g of b-glucan, respectively, per 50 g carbohydrate portion. The macronutrient composition of the test meals is presented in Table 1 .
Study design
The study design was an open-label, randomized cross-over study with six treatment segments. The GI was determined using standard methodology developed by Wolever et al (1991) , who showed that variability was decreased when each subject did at least three standard bread tests, using the mean result to calculate the GI values of the test foods. The glycemic response to the white bread standard was therefore tested on three separate occasions, the commercial oat bran breakfast cereal, the prototype b-glucan bar and breakfast cereal were each studied on one occasion only. Tests were performed weekly at the Clinical Nutrition and Risk factor Modification Centre of St Michael's Hospital after an overnight fast. After a fasting finger-prick blood sample was obtained, subjects took their usual medications (if any) and after 5 -10 min began to eat the test meal. Volunteers were asked to consume the meal over 10 -15 min. Additional finger-prick capillary blood samples were taken at 30 min intervals for 3 h from the start of the test meal. Capillary finger prick blood samples (approximately 200 ml) were obtained using a monoejector Lancet device (Owen Mumford Ltd). All blood glucose samples were collected in tubes containing fluoride oxalate and immediately frozen at 7 20 C for no longer than 3 days before analysis.
Palatability of the foods was determined using two different methods. On the day that the test meals were consumed, subjects were asked to rate the food using a bi-polar scale ranging from 7 3 (dislike extremely) to þ 3 (like extremely), where 0 would be rated as neutral. To confirm the results from this palatability test and to reduce week-to-week variability a tasting session was held 4 weeks after completion of the study. Subjects were given a small portion (one-third of the original test meal), in random order at 15 min intervals. This time they were asked to rate each food using a standard smiley chart containing hedonic phrases (Stone and Sidel, 1985) . Volunteers were given water together with each food and to rinse out their mouths between each food tested.
Sample analysis
The blood glucose samples were analyzed using a glucose oxidase method (Yellow Spring Instruments, 2300 Stat glucose=L-lactate analyzer, model 115). A quantitative assay was used to analyse HbA 71c , which was determined by HPLC using a DCA 2000 TM (Ames Analyzer, Bayer Corporation Inc.). Total cholesterol, triglycerides and HDL-cholesterol were analyzed by using a desktop analyzer Cholestech L Á D Á X Analyzer (Cholestech Corporation, CA, USA). LDL was calculated by the Friedewald equation (Friedewald et al, 1972) .
Statistical analysis
The results are expressed as means AE s.e.m. The significance of differences between mean glycemic response areas among the four test meals was assessed using a two-way ANOVA and, after establishment of a significant F-value, by the Student -Neuman -Keuls procedure. In all cases, differences were considered statistically significant if P < 0.05.
The incremental areas under the blood glucose-response curve, ignoring the area below the fasting level, were calculated geometrically (Wolever et al, 1991) . The area under the curve for each food was expressed as a percentage of the mean area for the three white bread tests and the resulting mean values for all subjects represented the GI of the food. Four volunteers were asked for repeat test sessions: subjects 7 Available carbohydrate values are calculated as follows: 100 7 (moisture þ protein þ fat þ total dietary fiber þ ash); AOAC Analysis (AOAC, 1980; Prosky et al, 1985) .
b Fructose only.
Glycemic index of two functional foods AL Jenkins et al and 14 repeated a white bread because of a missed fasting sample and an incorrect pre-test medication. Subject 4 repeated a white bread because the areas of the three previous white breads seemed to decline progressively (792, 468 and 261 mmol min=l); the fourth white bread had an area of 653 mmol min=l. The mean of the four breads was used for this subject to determine the GI. Two subjects repeated the prototype b-glucan bar, subject 13 because of insufficient sample at 180 min, and subject 17 because the area under the curve for the bar was two standard deviations removed from the results of the group. The mean of the two results of subject 17 for the bar were used to calculate the GI. In order to isolate the effect of b-glucan on glycemia, the predicted GI of the prototype b-glucan bar and breakfast cereal were calculated from their ingredients (amount and type of carbohydrate; Wolever et al, 1991) . The predicted GIs for both fructose-containing test foods were calculated on the assumption that the GI of fructose is 29 (Jenkins et al, 1981) and the remaining carbohydrate, as starch, was considered to have a GI value equivalent to bread, ie a GI of 100. The final GI reflected their relative proportions in the product.
The GI reduction per gram of b-glucan was calculated from the predicted GI value for the food minus the observed GI value. This difference in GI was then divided by the bglucan content per 50 g carbohydrate portion of the food, ie predicted GI 7 observed GI=g of b-glucan in the test portion of the food.
The observed GI values used for the other oat bran products were taken from the literature (Brand Miller et al, 1992; Jenkins et al, 1981 Jenkins et al, , 1983 Jenkins et al, , 1985 Krezowski et al, 1987; Otto et al, 1988; Tappy et al, 1996; Wolever et al, 1985 Wolever et al, ,1994  Table 2 ).
The smiley chart phases were transformed into hedonic scores, ranging from a score of 1 for 'dislike extremely' to a score of 9 for 'like extremely'. Differences in hedonic scores between the foods were analyzed using the same statistical methods as used for the meals.
Results
Palatability and meal acceptability All meals were highly acceptable to the volunteers. Palatability scores using the bi-polar scale were (mean AE s.e.m.) 0.9 AE 4, 1.5 AE 0.2, 2 AE 0.2 and 1.5 AE 0.2 for the white bread, oat bran breakfast cereal, prototype b-glucan bar and prototype b-glucan breakfast cereal, respectively. Only the prototype b-glucan bar was rated as significantly more palatable than the white bread (P < 0.05). Using the hedonic scores from the 'smiley chart', the palatability rating of the white bread, commercial oat bran breakfast cereal, prototype bglucan bar, and prototype b-glucan breakfast cereal were 7.8 AE 0.3, 8.3 AE 0.8, 8.3 AE 0.3 and 7.4 AE 0.3 respectively. There were no significant differences in palatability using this test. With the exception of the prototype b-glucan breakfast cereal which took 16 AE 1 min (range 9 -20 min), all meals were consumed within the specified 15 min period. No adverse or concomitant events occurred during the study.
Blood glucose response to test meals
The mean blood glucose responses to the test meals are shown in Figure 1A . Fasting blood glucose levels did not differ before the treatments. The blood glucose levels for both the prototype b-glucan bar and cereal were significantly lower at 60, 90 and 120 min than the white bread and commercial oat bran breakfast cereal (P < 0.05). At a 150 min only the prototype b-glucan bar was significantly lower than the white bread and commercial oat bran breakfast cereal (P < 0.05; Figure 1A ). The incremental area under the blood glucose curve for the white bread, oat bran breakfast cereal, prototype bglucan bar and prototype b-glucan breakfast cereal were (mean AE s.e.m.) 667 AE 57, 593 AE 80, 295 AE 41, 355 AE 49, respectively. The prototype b-glucan bar and breakfast cereal areas were significantly lower than those of the white bread and commercial oat bran breakfast cereal (P < 0.05), but did not differ from each other.
The observed GI of the oat bran breakfast cereal, prototype b-glucan bar and prototype b-glucan breakfast cereal were 86 AE 6, 43 AE 4 and 52 AE 5, respectively ( Figure 1B ). All test meals had a GI significantly lower than white bread (P < 0.05). The GI for both the prototype b-glucan bar and breakfast cereal was significantly lower than the commercial oat bran breakfast cereal using the Student -Neuman -Keuls analysis (P < 0.05).
Predicted GI of test meals
The predicted GI of the prototype b-glucan bar and breakfast cereal were 74 and 79, respectively. The b-glucan fiber therefore contributed 31 and 27 unit reductions in GI for the prototype b-glucan bar and breakfast cereal, respectively.
GI reduction per gram of b-glucan
The b-glucan in the oat products tested reduced the GI of the oat bran breakfast cereal, b-glucan cereal and bar by 3.2 AE 1.7, 3.7 AE 0.7 and 5.0 AE 0.7 units, respectively. Using the GI values obtained in this study for the test foods and the GI reported in previous studies of oat products (Brand Miller et al, 1992; Jenkins et al, 1981 Jenkins et al, , 1983 Jenkins et al, , 1985 Krezowski et al, 1987; Otto et al, 1988; Tappy et al, 1996; Wolever et al, 1985 Wolever et al, , 1994 , it was estimated that a 3.8 AE 0.5 unit reduction in GI was seen per gram of b-glucan fiber in a 50 g carbohydrate portion of food (Table 2 ).
Discussion
Consumption of soluble fibers and low GI foods are ways of slowing nutrient uptake from the gastrointestinal tract (Jenkins & Jenkins, 1995) . It has been shown that it is the soluble, viscous fibers that reduce the rate of absorption, flatten the postprandial glycemia and lower cholesterol levels (Landin et al, 1992; Anderson et al, 1990; Groop et al, 1993; Würsch and Pi-Sunyer, 1997; Chandalia et al, 2000) . The viscosity of the fiber relates positively to the degree of flattening of postprandial glycemia (Tappy et al, 1996; Wood et al, 1994; Jenkins et al, 1978) . The form in which the fiber is ingested is important. The present study confirms that a cereal containing the cooked -extruded oat bran concentrate is effective in lowering postprandial glycemia (Tappy et al, 1996) . It also demonstrates that the enriched products gave a significantly lower glycemic response than a commercially available cereal naturally high in b-glucan. Furthermore, the reduction in GI per gram of b-glucan in the foods tested showed that the effectiveness of b-glucan fiber was similar to minimally processed oat bran reported in other studies (Foster-Powell & Miller, 1994; Wolever et al, 1994) . These Fructose, which has a GI of 29, was used instead of sucrose, which has a GI of 84 (Jenkins et al, 1981) . This switch can be calculated to account for an approximate reduction of 20 GI units when compared to the predicted GI of the food if sucrose has been used, and was therefore responsible for almost half of the 50-unit difference seen between the white bread and the functional food prototypes. Some studies (Frayn & Kingman, 1995; Bantle et al, 1992) , but not all (Malerbi et al, 1996) , have shown deleterious effects on serum triglycerides and LDL cholesterol levels when fructose intakes are 20% of energy. Generally, moderate intakes of fructose have been considered acceptable (American Diabetes Association, 1999; Wolever et al, 1999) . With the b-glucan-enriched products, two portions of the bglucan cereal (60 g) and one b-glucan bar (45 g) per day would represent < 5% of energy from fructose in a 2000 kcal diet.
The addition of fat has been shown to delay gastric emptying (Thomas, 1957) and enhance GIP response (Collier & O'Dea, 1983) . However these effects were only seen when the fat content constituted 45 -65% of the total calories of the test meal (Wolever, 1993) . Therefore, although the prototype products had a higher fat content (17 -26% of energy) than the control meals (12 -13% of energy), the increase of 10% in fat energy was still well below the range where significant effects on post-prandial glycemia are seen. We believe it is unlikely that the fat content of the prototype products was responsible for the lower glycemic response observed.
Many health agencies encourage an increase in fiber intake (American Diabetes Association, 1999; Wolever et al, 1999; Diabetes and Nutrition Study Group, 1995; World Health Organization, 1990) . However the large volume of fiber-rich foods is often a deterrent to consumption. Palatability has been one of the reasons why viscous fibers such as guar gum, despite effectiveness, have had relatively little clinical impact (Vuorinen-Markkola et al, 1992; Aro et al, 1981) . Using a b-glucan concentrate, the amount of b-glucan per serving was increased without reducing palatability or increasing the volume to be ingested.
It has also recently been shown that high soluble fiber diets taken as whole foods improve GI control (Chandalia et al, 2000) . These studies increased b-glucan intake as part of their soluble fiber strategy and further demonstrated the therapeutic potential of viscous fibers such as oat bglucan. Studies have shown that barley b-glucan also reduces the post-prandial glucose and endocrine response (Bourdon et al, 1999) .
Palatable and effective low glycemic index high-fiber products could play an important part in increasing fiber intakes and reducing the glycemic load of the diet (Björk et al, 1994; Asp, 1999) . Since recent studies have indicated that the glycemic index of foods is positively associated with the risk of developing type 2 diabetes (Salmeron et al, 1997a,b) and that low GI diets may reduce glycemia and cardiovascular risk factors in diabetes (Järvi et al, 1999; Fontvieille et al, 1999; Luscombe et al, 1999) , development of palatable, low GI or functional foods has become increasingly important. This study shows that each gram of bglucan can be expected to lower the GI of a food by four GI units and that this effect is not attenuated by processing, including the use of fructose to enhance palatability. This combination can be used in a wide range of foods and may expand the number of functional foods available for people with type 2 diabetes.
